Rhodopsins as photosensitive transmembrane proteins (TMPs)^[@ref1]^ are fundamental biological macromolecules that can act as light-gated ion pumps, channels, and enzymes that transport ions or information across the cell membrane (about 5 nm thickness), or as light receptors initiating enzymatic processes as phototaxis or vision.^[@ref2],[@ref3]^ They generally consist of seven transmembrane alpha-helices (opsin)^[@ref1]^ and a covalently bound photosensitive retinal cofactor that crucially absorbs light. Light absorption is followed by a trans to cis photoisomerization of the retinal.^[@ref4]^ The visible-light-absorption properties of the rhodopsins are mostly determined by specific interaction of retinal with residues of the retinal binding pocket forming the effective rhodopsin chromophore. Conformational changes of this chromophore and of the protein backbone are the key determinants of the photosensitive rhodopsin functions. In the relevant case of photoactivated pumps and channels, these conformational changes of the protein backbone lead to an opening of the conducting pore through which ions are then transported along the electrochemical gradient^[@ref5],[@ref6]^ or to p*K*-changes of amino acid residues that result in an uphill proton transport against the electrochemical gradient.^[@ref7],[@ref8]^

Infrared (IR) spectroscopy is one of the main tools used for the investigation of the conformational changes of rhodopsins due to the high sensitivity of the IR vibrational absorption frequencies and lineshapes to structural features.^[@ref9],[@ref10]^ Moreover, IR spectroscopy can be applied to rhodopsins without interfering with the visible light employed for the optical activation of the membrane functionalities.^[@ref11]^ Because of the extremely small variations in the protein structure deriving from light-induced conformational changes of TMPs, FTIR spectrometers are usually employed in difference-spectroscopy mode, where IR vibrational absorption spectra are acquired with and without visible-light illumination, and often only the difference-spectrum is analyzed.^[@ref12]^ FTIR difference-spectroscopy is widely applied to the study of, for example, the light-gated proton pump bacteriorhodopsin (BR)^[@ref13]^ or the light-gated channelrhodopsin.^[@ref10],[@ref14]^ FTIR spectroscopy, however, lacks the spatial resolution and the sensitivity required to address individual parts of membranes and is therefore limited to highly concentrated suspensions or thick films containing about 10^9^ cell membrane patches with a high density of light-sensitive TMPs, preferentially of one single species.^[@ref12]^ Efforts have been undertaken to increase the sensitivity of FTIR-based approaches by exploiting the attenuated total reflectance (ATR) effect^[@ref15]^ or, to reach down to the membrane monolayer level, by applying the surface-enhanced IR (SEIRA) absorption^[@ref16]^ by metal nanostructures.^[@ref17],[@ref18]^ The typical diameter of a native cell membrane patch is indeed of the order of 1 μm only and is not even addressable by FTIR microscopy (micro-FTIR).^[@ref19]^ Large-area TMP monolayers suitable for ATR-FTIR and SEIRA-FTIR difference-spectroscopy have been obtained by reforming self-assembled thin films where TMPs are embedded into an artificially reconstructed cell membrane.^[@ref18]^ However, this approach requires complex protein purification processes^[@ref20]^ and prevents the study of the TMPs in their native membrane environment.^[@ref21]^ More recently, the requirement of large sample areas of many squared millimeters covered by membrane monolayers, which represents a challenge for present TMP biotechnologies,^[@ref18],[@ref20]^ has been relaxed with the introduction of SEIRA structures in micro-FTIR, but signal-to-noise ratios are still to be improved.^[@ref22]^

The atomic force microscope (AFM) is the instrument of choice for studying single native membrane patches and different AFM-based approaches have been applied to the study of photosensitive TMPs.^[@ref21],[@ref23]−[@ref27]^ High-speed AFM^[@ref24]^ and conductive AFM^[@ref25],[@ref26]^ have been applied to probe the light-activated functions of BR embedded in 5 nm-thick individual patches of its native cell membrane, usually referred to as the purple membrane. Conductive AFM may, indeed, provide insights into local charge transport through BR molecules,^[@ref25],[@ref26]^ while high-speed AFM has been applied to shed light onto the main morphological changes of the BR backbone through fine topography variations.^[@ref24]^ These efforts are motivated by the potential use of BR as biomaterial for optoelectronic applications including organic photovoltaic cells,^[@ref28],[@ref29]^ where purple-membrane patches are deposited on flat metal electrodes. In particular, it has been found^[@ref30]^ that the photoelectrical activity of BR in the case of membrane monolayers on metal surfaces is much less efficient than the ideal mechanism in liquid suspensions or multilayers. However, a fundamental understanding of such decreased activity, and therefore of the underlying modifications of the BR photocycle imposed by the combination of several effects such as direct physisorption, chemisorption, or adhesion of BR on metal layers, is still lacking. One of the reasons is that a purely AFM-based technique cannot detect subtle conformational changes connected to proton transport in the inner protein structure. It is therefore desirable to combine the IR spectroscopy capabilities with AFM-based techniques as already proposed by many authors;^[@ref31]−[@ref34]^ however, it has not yet been applied to IR difference-spectroscopy of TMPs.

In this work, we present the first IR difference-nanospectroscopy measurement of conformational changes of a photosensitive TMP using the bacteriorhodopsin mutant BR D96N,^[@ref35]^ one of the simplest and best-characterized protein systems. Samples consist of individual patches of two native purple-membrane monolayers (from here on referred as 2NPM), that is, 10 nm-thick stacks of two purple membranes, deposited on ultraflat gold surfaces. We focused on 2NPM, instead of monolayers, because we experimentally observed that prolonged contact-mode AFM measurements of 5 nm-thick membrane-monolayer patches yields to a degradation of our sample, which was evident from topography maps. IR difference-spectroscopy data are obtained with an AFM-based nanoscale IR technique that exploits the sample photothermal expansion due to IR absorption (ref ([@ref36]), here abbreviated as AFM-IR). We achieve significant improvement in the signal-to-noise ratio (SNR) over existing IR nanospectroscopy by carefully choosing the power and the frequency tuning range of the IR laser, so as to obtain maximum photothermal expansion for each wavelength and by exploiting the field enhancement in the plasmonic nanogap that forms between the apex of a gold-coated AFM probe-tip and an ultraflat gold surface.^[@ref36]^ We demonstrate that when the nanogap is filled with 10 nm-thick 2NPM patches, AFM-IR can measure the IR difference-spectrum of BR embedded in native purple membranes, with a dramatic increase in the sensitivity per unit molecule compared with FTIR-based approaches. Analyzing our AFM-IR difference-spectra and comparing them to more conventional FTIR difference-spectra acquired on the same samples, we could identify two distinct photocycles that we attribute to TMPs that either adhere or not to the metal surfaces.

Bacteriorhodopsin Photocycle {#sec1.1}
============================

BR absorbs photon energy via the retinal chromophore that is bound to a lysine of one of the helices via a protonated Schiff base, and acts as a proton pump moving protons from the cytoplasm to the extracellular space.^[@ref8]^ In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a we provide a simplified sketch of the BR photocycle. Photon absorption triggers a fast (∼100--200 fs) retinal isomerization from an all-trans to a 13-cis configuration, resulting in the intermediate state labeled J, which is converted in K and then in L.^[@ref37]^ After this sequence of fast transitions, the photocycle of wild-type BR can be described with the following important steps:^[@ref37]^ (i) proton transfer from the Schiff base to the amino acid Asp-85 acting as proton-acceptor (L to M transition); (ii) proton release toward the extracellular side in M (gray dashed arrow in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a); (iii) reprotonation of the Schiff base from the amino acid Asp-96 acting as proton-donor during M to N transition; (iv) reprotonation of Asp-96 from the cytoplasmatic surface in N (gray dashed arrow between the N and O intermediate states in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a); (v) retinal reisomerization (N to O transition), restoration of the initial photon absorption properties and deprotonation of Asp-85.

![(a) Sketch of the BR photocycle. BR\*: dark state; letters from J to O: intermediate states; *H*^*+*^ and gray dashed arrow: proton release or capture. Green light initiates the photocycle (green arrow); in the D96N mutant, blue light brings proteins that accumulate in M back to BR\* (blue arrow). (b) FTIR absorption spectrum of a thick film of native purple membranes in dark condition *A*~dark~ (gray curve, left axis); corresponding difference-spectrum Δ*A* = *A*~green~ -- *A*~blue~ (orange curve, right axis). (c) Time-dependent spectral plot of \[*A*(*t*) -- *A*~dark~\] acquired while alternately turning on and off the green and blue LEDs after a 2 min dark period, showing reproducible protein response. (d) Time-cuts taken from (c) at the negative peak of C=C retinal stretching (1525 cm^--1^) and at the positive peak of C=O stretching of the COOH group of the proton acceptor Asp-85 (1760 cm^--1^). Rise/decay times are a few seconds. A linear baseline has been subtracted from time-cuts in panel (d).](nl-2019-005126_0001){#fig1}

The capability of the AFM-IR technique to register the light-induced conformational changes of TMPs has been tested on the BR mutant D96N. In BR D96N, the replacement of the proton-donor Asp-96 with Asn-96, which cannot donate protons, prolongs the lifetime of the M intermediate state up to several seconds.^[@ref35]^ Since photoexcitation of M state with blue light leads back to a dark-state-like intermediate BR\*,^[@ref8],[@ref38]^ one can then control the photocycle by alternating green/yellow and blue illuminations to induce the conversion BR\* → M and M → BR\*. In our case we alternate illumination with green (λ = 565 nm) and blue (λ = 420 nm) light provided by loosely focused LED sources in order to control the photocycle of BR D96N and average the AFM-IR difference-spectra over many cycles to improve the SNR (see [Methods](#sec2){ref-type="other"}).

Fourier-Transform Infrared Difference-Spectroscopy {#sec1.2}
==================================================

In order to obtain a reference absorption spectrum *A*~dark~(*ω*) of BR D96N membrane patches in the same form as those used for AFM-IR spectroscopy (poorly hydrated films on solid substrates), we performed FTIR transmission spectroscopy of thick films of purple membranes deposited by controlled solvent evaporation from membrane-patch suspensions on an IR-transparent CaF~2~ window. In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, the absorbance *A*~dark~(*ω*) in dark condition (no illumination with visible light) is reported (gray curve, left axis). The spectrum clearly shows two amide bands associated with the helical structure of BR, that is, the amide-I band at ∼1660 cm^--1^ and the amide-II band at ∼1540 cm^--1^ predominantly assigned to the C=O stretching and N--H bending of the peptide bond, respectively.^[@ref9]^ Less intense bands associated with the lipid environment and with other amino-acid absorption peaks are seen at lower frequencies. The ratio between amide-I and amide-II intensities allows us to assume a partial stacking of the purple membranes, whose membrane plane is oriented mostly parallel to the surface of the CaF~2~ substrate (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00512/suppl_file/nl9b00512_si_001.pdf)), although orientation of the cytoplasmatic/extracellular side cannot be assessed from IR data in general. The normal-incidence Δ*A* spectrum in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b then refers mostly to the contribution parallel to the membrane plane.

The FTIR difference-spectrum Δ*A*(*ω*) = *A*~green~(*ω*) -- *A*~blue~(*ω*) is obtained by consecutively illuminating the sample with green light and then with blue light, directly inside the FTIR spectrometer. In Δ*A*(*ω*) (orange curve in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, right axis), the pattern of negative and positive peaks between 1100 and 1800 cm^--1^ is indicative of conformational changes of both the retinal and the protein backbone. In particular, the peak pattern between 1580 and 1700 cm^--1^ is indicative of conformational changes of the protein backbone and the ethylenic modes of the retinal. The peaks between 1150 and 1300 cm^--1^, instead, are assigned to the C--C retinal stretching, while the strong negative peak at 1525 cm^--1^ and the less intense positive peak around 1560 cm^--1^ are assigned to the C=C retinal stretching mode under blue and green light, respectively. The positive peak at 1760 cm^--1^ in Δ*A*(*ω*) of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b originates from the C=O stretching mode of the COOH functional group of the residue Asp-85, also an established spectroscopic marker of the proton transfer from the Schiff base to the proton acceptor Asp-85.^[@ref13],[@ref39],[@ref40]^ The spectral features in the Δ*A*(*ω*) curve are clearly present also in the time-dependent difference spectral plots of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d, and they can be interpreted in terms of accumulation of a M-like intermediate state at green illumination,^[@ref39]−[@ref41]^ even if in poor hydration conditions.^[@ref29],[@ref42],[@ref43]^

Infrared Difference-Spectra Acquired with AFM Tip-Enhanced Nanospectroscopy {#sec1.3}
===========================================================================

The AFM-IR platform, based on the coupling of an AFM and a tunable mid-IR quantum cascade laser (QCL), exploits the photothermal-induced mechanical resonance of the AFM cantilever, which, for soft samples and mid-IR laser excitation, has been definitively attributed to thermal expansion of the sample after IR radiation absorption.^[@ref36],[@ref44],[@ref45]^ The capability of AFM-IR to probe light-induced conformational changes of TMPs is first demonstrated with the setup in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a on the same purple membrane sample and visible illumination conditions as used for FTIR. A sample area of thickness *d* ∼ 1 μm was located by AFM topography, and AFM-IR spectra were acquired under repeated 70 visible-light illumination cycles paying attention to keep the AFM tip located at the same sample position (see [Methods](#sec2){ref-type="other"}). The gray curve in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b is the average of all AFM-IR spectra, and it represents the best possible estimate of the AFM-IR membrane absorption spectrum *A*(*ω*). AFM-IR difference spectra determined per each green/blue illumination cycle have been averaged to obtain Δ*A* shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b (purple curve, right axis). In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, we also plot the Δ*A* spectrum for 70° incidence, that is, for an electric field orientation as in the AFM-IR experiment on thick samples, calculated by combining the normal incidence data in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b with oblique incidence FTIR data (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00512/suppl_file/nl9b00512_si_001.pdf)). One finds a satisfactory agreement in the entire frequency range, demonstrating that AFM-IR can indeed be used to probe the conformational changes of photosensitive proteins. In two frequency windows, the AFM-IR data are not reported due to the finite tuning range of the available QCL modules (see [Methods](#sec2){ref-type="other"}).

![(a) Schematic of experimental setup for difference IR nanospectroscopy. QCL: quantum cascade laser, AFM: gold-coated atomic force microscope probe. (b) Gray curve: AFM-IR spectrum of a thick-film region (*d* = 1 μm) located in the purple-membrane assembly analyzed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}; violet curve: corresponding AFM-IR difference-spectrum Δ*A*; orange curve: Δ*A* calculated for 70° incidence by combining the normal incidence data in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b with oblique incidence FTIR data.](nl-2019-005126_0002){#fig2}

Infrared Difference-Nanospectroscopy of a Single Purple-Membrane Patch {#sec1.4}
======================================================================

AFM-IR difference-nanospectroscopy experiments were then performed on samples of decreasing thickness down to 2NPM patches, that is, 10 nm-thick stacks of two purple membranes. Note that, contrary to the techniques where an electrical signal is probed,^[@ref30]^ AFM-IR is not sensitive to the difference between cytoplasmatic and extracellular sides of the membrane. To obtain IR difference-spectra of isolated patches instead of thick films, the SNR of the AFM-IR technique needs to be increased by plasmonic field enhancement. To this aim, BR D96N purple membranes were drop-casted onto ultraflat template-stripped gold surfaces ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). It has been demonstrated that, by depositing thin films on metallic surfaces, the gold-coated AFM tip provides a strong enhancement of the IR radiation intensity in the nanogap between the metallic tip apex and the surface,^[@ref36]^ together with a fully surface-normal orientation of the IR electric field below the tip apex. IR absorption spectra of molecular monolayers^[@ref36]^ and single purple membranes^[@ref19]^ have already been reported in the literature with the same resonantly enhanced AFM-IR technique^[@ref47]^ employed here, which makes use of QCLs pulsed at high repetition rate (∼200 kHz), also limiting the transient sample heating to a few degrees.^[@ref36],[@ref46],[@ref47]^ A representative AFM topography map of a 2NPM patch is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. It reveals a thickness of *d* = 10 nm corresponding to two overlapping purple membranes and a flat top surface within the AFM sensitivity (RMS of 0.5 nm). In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d the AFM-IR spectra in the amide-I and amide-II regions are shown for samples of decreasing thickness and on different surfaces. One can appreciate that the SNR observed for 2NPMs is not significantly different from that observed for thick films, because the volume reduction of the probed material is compensated by the increased field intensity in the narrower plasmonic nanogap.^[@ref48],[@ref49]^ The electromagnetic and thermal simulations presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e--g quantitatively explain the origin of the AFM-IR photothermal expansion signal from a 10 nm-thick film with dielectric function equal to that of BR proteins. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f, the field-enhancement for the total electric field *E*~tot~ and for the surface-normal component *E*~*z*~ are compared using the same color scale, and one can appreciate that a negligible difference exists in the nanoscale sample volume precisely located under the apex tip (approximately, a cylinder of 20 nm radius in which the field is oriented normal to the surface). This is also the volume of highest photoinduced temperature increase Δ*T* (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g). Simulations were performed with IR radiation at 1540 cm^--1^, but no major qualitative differences are expected over the entire 1500--1800 cm^--1^ range, apart from the value of Δ*T* which depends on both the values of the frequency-dependent absorption coefficient and of the emitted laser power. For focused laser power of 10 mW, one obtains from simulations Δ*T* ∼ 2 K at 1540 cm^--1^ at the end of each 260 ns-long QCL pulse. The plot in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g suggests that, in this specific thin-film-on-metal-surface configuration and at wavelengths where the sample absorption coefficient is high, the sample volume expected to generate the AFM-IR signal corresponds to the cylinder of 20 nm radius and height 10 nm, containing approximately 150 BR trimers, which represent the unit cell of the native assembling of BR molecules in purple membranes.^[@ref50]^

![(a) Sketch of a 2NPM (*d* = 10 nm) located in the plasmonic nanogap between Au surface and Au-coated AFM tip; zoom of a BR molecule^[@ref62]^ (PDB ID:1FBB); color arrows indicate the direction of the main IR dipoles: C=O stretching, amide-I band;^[@ref51]^ N--H bending, amide-II band;^[@ref51]^ C=C stretching of retinal.^[@ref52]^ (b) AFM topography map of one 2NPM patch with superimposed topography profile. (c) Ratio between two subsequent AFM-IR spectra of a 2NPM in the full QCL tuning range (gray) and in two low-sample-absorption subranges (light and dark violet) changing the metal-mesh filters in front of the QCL so as to obtain maximum photothermal expansion in each range regardless the value of the sample absorption coefficient. (d) AFM-IR spectra acquired on purple-membrane films of different thickness *d*. An offset is subtracted so as to make each spectrum null at 1800 cm^--1^ and the relative intensities are then normalized at 1660 cm^--1^. *E*-field orientations are sketched for the *p*-polarized incident QCL beam (*E*~p-pol~) and for the plasmonic nanogap (*E*~2NPM~). (e--g) Simulated maps of: (e) *E*-field modulus; (f) *E*-field component normal to the membrane plane; and (g) temperature increase when the heat source is the absorbed radiation at 1540 cm^--1^.](nl-2019-005126_0003){#fig3}

The role of dipole selection rules is evident in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d. The dipole of the amide-II and of the C=C retinal stretching are mostly parallel to the membrane plane (red and yellow arrows in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a indicating ∼70° and ∼73° with the surface normal for N--H bending^[@ref51]^ and C=C stretching,^[@ref52]^ respectively) and therefore the signal intensity is suppressed in the 1500--1600 cm^--1^ range with decreasing thickness (red shaded area in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) due to increasingly surface-normal direction of the radiation electric field. Vice versa, the amide-I dipole is mostly oriented normal to the membrane plane^[@ref51]^ (∼40° with the surface normal, green arrow in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), so the intensity of the 1660 cm^--1^ peak related to α helix increases by 15% in the 2NPM (surface-normal electric field) if compared to the *p*-polarized incidence on thick films, where the electric field is oriented at 20° with the surface normal (note that in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, all spectra have been normalized to the amide-I peak). The modifications of the amide-I line shape with varying electric field orientation seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d are in agreement with previous IR linear dichroism studies of BR^[@ref49],[@ref52]^ and are discussed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00512/suppl_file/nl9b00512_si_001.pdf).

In the C=O stretching region around 1760 cm^--1^, the absolute value of the AFM-IR signal is very low, but the 45° orientation of the C=O bond of Asp-85^[@ref53]^ makes it anyway possible to observe relevant difference signals from 2NPMs. Normally the laser power in AFM-IR is set to a low value to avoid saturation at the frequency of peak absorption (here 1660 cm^--1^). In order to further boost the SNR beyond the use of plasmonic field enhancement,^[@ref36]^ we optimized the spectral acquisition procedure by adjusting the IR laser power, up to 50 mW peak power, according to the value of the absorption and to the frequency-dependent laser emission power in each range. The result of this procedure is evident in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c where we compare the AFM-IR reproducibility line obtained for two spectra acquired in the full 1480--1800 cm^--1^ range with a metal-mesh filter with transmittance of 0.015, with that obtained in the frequency intervals 1480--1640 cm^--1^ and 1690--1800 cm^--1^, where the sample absorption is low, with a second and third metal-mesh filters with transmittance of 0.045 and 0.11, respectively. The standard deviation of the reproducibility lines passes from ∼3% at low power, to ∼1% for high power, enabling us to reach a SNR of ∼10^3^ by averaging over 70 difference-spectra acquisitions (see [Methods](#sec2){ref-type="other"}).

Discussion of Difference-Spectra {#sec1.5}
================================

In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b the AFM-IR difference-spectra Δ*A* are shown for different film thickness *d*, from 1 μm down to the 2NPM (*d* = 10 nm). Apart from the *d* = 1 μm spectrum taken from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and measured on a CaF~2~ window, all other spectra were taken on ultraflat gold surfaces. Since AFM-IR technique does not provide an absolute value of the absorbance, the Δ*A* spectra in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are normalized using an arbitrary normalization coefficient so as to equal the difference spectra at 1590 cm^--1^, a wavenumber at which no dichroic behavior is usually observed.^[@ref53],[@ref54]^ Turning our attention to the AFM-IR spectra for the 2NPM (*d* = 10 nm) in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b, we clearly observe three main variations arising in Δ*A*: (1) the intensity of the negative peak of C=C of retinal at ∼1525 cm^--1^ is reduced in the 2NPM down to 50% compared to the thick film (*d* = 1 μm) intensity; (2) a new negative peak appears at ∼1545 cm^--1^; (3) the intensity of the positive peak of C=O of Asp-85 at 1760 cm^--1^ is reduced in the 2NPM down to 50% of the *d* = 1 μm intensity (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b where the same numbering has been used to highlight the three variations). The spectrum for *d* = 50 nm presents the same features as the 2NPM spectrum, but less intense, suggesting that the observed changes are indeed related to the film thickness and possibly to the nature of the substrate. The *d* = 1 μm and *d* = 10 nm Δ*A* are expected to slightly differ in terms of relative intensity of positive and negative peaks due to the selection rule effect. Variations between the difference-spectra acquired under different anisotropic polarization conditions can also be due to dipole tilts during the BR photocycle. In the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00512/suppl_file/nl9b00512_si_001.pdf), these effects are discussed in detail: in particular, the effect of the anisotropic field orientation is discussed by comparing micro-FTIR difference spectra and calculations performed with a hybrid quantum/classical approach.^[@ref55]^ The variations (1), (2), and (3) observed between the *d* = 1 μm and the *d* = 10 nm sample in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are simply too large to be interpreted as a selection rule effect or as a dipole tilt, or as a combination of the two. Note that the electric field orientation changes only by 20° degrees between the *d* = 1 μm and the *d* = 10 nm sample, and that both the C=C bond of retinal (1525 cm^--1^ negative peak) and the C=O bond of Asp-85 (1760 cm^--1^ peak) do not significantly change their orientation during the photocycle.^[@ref53],[@ref54]^

![(a,b) AFM-IR difference-spectra of purple-membrane films of thickness *d* deposited either on CaF~2~ or Au. Of the full QCL tuning range 1480--1800 cm^--1^, two subranges with high SNR are shown in (a) and (b) respectively. The worse SNR for *d* = 50 nm is due to poor tip indentation in that specific measurement. On top of panels (a) and (b) the Δ*A* for the 2NPM (*d* = 10 nm, red curve) and for the thick film (*d* = 1 μm, violet curve) are superimposed to highlight the changes arising in the 2NPM spectrum at 1525, 1545 and 1760 cm^--1^, respectively labeled by the numbers 1, 2, and 3 used in the text to identify them.](nl-2019-005126_0004){#fig4}

The suppression of the Asp-85 proton acceptor peak at 1760 cm^--1^ seen in the case of 2NPMs, that is, variation (3) in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, may indicate that light-activated proton transport is partly prevented in proteins embedded in the 2NPM.^[@ref17]^ This interpretation would also be in agreement with the reduced photoelectrical activity often observed for BR molecules adhering to solid surfaces by AFM-based and electrochemistry techniques.^[@ref30],[@ref56],[@ref57]^ In particular, a clear distinction between the photoelectrical activity of BR monolayers and multilayers has been verified in ref ([@ref30]), pointing to an alteration of BR photocycle in the case of monolayers adhering on a solid surface compared to multilayers and suspensions. The impossibility for net proton transport through the membrane within a photocycle is typically accompanied by modifications of the retinal and protein conformational changes if compared to those of the standard BR photocycle.^[@ref8],[@ref58]^ We therefore suggest that the variations (1) and (2) in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} can be interpreted as the spectral markers of a modified conformation of the retinal and/or retinal Schiff base and/or its environment, occurring under blue light illumination. In the standard photocycle of BR, the retinal isomerization induced by photon absorption results in the shift of the C=C vibrational frequency from its value around 1525 cm^--1^ in the dark state BR\* to a new value around 1560 cm^--1^ for the M intermediate state^[@ref59]^ (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). In the 2NPM spectrum, we instead observe a branching of the negative peak at ∼1525 cm^--1^ into a second negative peak at ∼1545 cm^--1^, that is, variation (2). This feature can be assigned to a modified frequency for the retinal C=C absorption in a fraction of proteins that under blue illumination are not brought back to the dark state BR\* (C=C absorption at ∼1525 cm^--1^), but rather, they correspond to a nonstandard intermediate state characterized by a C=C absorption at ∼1545 cm^--1^. One can then deduce a branching of the photocycle: only a fraction of proteins follows the standard photocycle contributing to the net proton transport through the membrane, while the remaining proteins undergo a different photocycle branch with zero net proton transport through the membrane, which is characterized by retinal C=C vibration frequency at ∼1560 cm^--1^ and ∼1545 cm^--1^ under green and blue light illumination, respectively. The intensity of the Asp-85 peak at 1760 cm^--1^, which is proportional to the net proton transport through the membrane, is found to be suppressed to 50% in the 2NPM with respect to its thick-film value, therefore we can estimate that 50% of proteins participate to the standard photocycle and 50% to the photocycle branch.

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, we present a model of the difference-spectroscopy line shape of the C=C retinal through the branching of the photocycle for 2NPMs. For thick films, the C=C retinal absorption band is modeled as a Gaussian line shape rigidly shifting from 1522 cm^--1^ under blue light to 1563 cm^--1^ under green light in the standard BR photocycle ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). For 2NPMs under blue light illumination, the C=C retinal absorption band splits into two sub-bands of equal intensity centered at 1522 and 1546 cm^--1^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). The peak at 1546 cm^--1^ represents the retinal C=C absorption of the protein fraction that are not brought back to the dark state BR\* but are instead trapped in a different intermediate state that we label X\*. The simplified model photocycles for the thick film and the 2NPM are sketched in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,e. For 2NPMs, the M intermediate population is split into two subpopulations that we label M and M\*. The C=C retinal absorption band of M and M\* is identical, but upon absorption of blue light, M follows the standard proton-pump photocycle, while M\* is transformed into the X\* intermediate state. Our photocycle branching model also assumes that proteins falling in the X\* intermediate state thermally decay into BR\*, insofar reproducing the same final state as the standard BR D96N photocycle under green/blue illumination cycles. In the bottom part of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, we also present a comparison of our data and our model with the difference-spectra calculated from the extensive FTIR data of ref ([@ref59]) characterizing the IR spectra of all BR intermediate states. Here we employ the spectrum of the L intermediate as a model for the X\* spectrum due to the similarity of the C=C absorption frequency with the X\* intermediate state,^[@ref59]^ and we calculate the difference-spectrum of the mixture of BR\* and L states (dotted pink curve in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), to be compared with the experimental spectrum of the mixture of BR\* and X\* states (red curve in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Summarizing, IR nanospectroscopy has enabled us to characterize at the nanoscale a protein conformational change, related to the inhibition of the proton pump activity at the membrane monolayer level when in contact with metal surfaces. The alteration of the photocycle for proteins located in the tip--surface nanogap may be ascribed to several mechanisms, such as the inhibition of the standard protein conformational changes and reprotonation process due to less flexibility of those proteins directly adhering to the surface, or alteration of membrane surface potential due to the presence of the gold surface and the metallic AFM tip. However, extended experimental validations would be necessary in order to achieve a complete interpretation of the results, and this would be beyond the scope of this paper.

![(a) Comparison of the AFM-IR Δ*A* data for *d* = 1 μm (thick film) and *d* = 10 nm (2NPM patch) with the calculated Δ*A* from a Gaussian line shape model of the C=C absorption of retinal. The model absorption spectra are reported in panels (b) and (d) for thick film and 2NPM, respectively. The simplified model photocycles for thick films and 2NPMs, as derived from the line shape analysis, are shown in panels (c) and (e), respectively. In the bottom part of panel (a), two relevant difference-spectra calculated from literature FTIR data^[@ref59]^ (see text) are also shown for comparison (dotted curves).](nl-2019-005126_0005){#fig5}

In conclusion, we have demonstrated that atomic-force-microscope-assisted infrared difference-spectroscopy with plasmonic field enhancement at the probe tip can be fruitfully employed to identify subtle conformational changes of transmembrane proteins in nanoscale samples. The bacteriorhodopsin photocycle is studied in 2NPM cell membrane patches, whose dimensions are well below the diffraction limit for conventional infrared difference-spectroscopy. The number of protein molecules probed in the mid-infrared, of the order of ∼500, is comparable to that reached by spectroscopies based on visible light lasers such as Förster resonance energy transfer and micro-Raman spectroscopy, also capable of measuring conformational changes. However, in the case of light-sensitive proteins, those methods, which are based on visible-light lasers, cannot be directly employed to study the native membrane photocycle. Here instead we could observe a branching of the photocycle, accounting for less than 1% relative infrared absorption change at the retinal stretching mode frequency of 1525 cm^--1^, when the bacteriorhopsin molecules are in close contact to metal surfaces. The effect could be attributed either to mechanical inhibition of the conformational change or to electrostatic potential arising from physisorption. The obtained results are relevant for bioelectronic and biophotonic devices, in which rhodopsin molecules are put in contact with metal surfaces (e.g., electrodes).

In perspective, the presence of an atomic force microscopy probe in emerging nanoinfrared techniques could be exploited well beyond its plasmonic field-enhancement capabilities. For example, the metal-coated tip could be used to introduce an electric potential with respect to the solid surface, so as to provide electrophysiology techniques with nanoscale resolution and simultaneous spectroscopic information on transmembrane protein conformational changes. Also, the future implementation of liquid environments^[@ref34],[@ref60]^ and/or controlled atmospheres in nanoinfrared techniques could enable the nanospectroscopy study of relevant biological processes involving transmembrane gate proteins, such as optogenetics and photoinduced drug delivery.

Methods {#sec2}
=======

Sample Preparation {#sec2.1}
------------------

Patches of purple membranes densely filled with BR D96N were purified as reported in ref ([@ref61]) and stored in buffer solution (20 × 10^--3^ M Bis-Tris propane, 100 × 10^--3^ M NaCl, 1 × 10^--3^ M MgCl~2~) at −80 °C. Droplets of the suspension containing purple membranes were either cast onto IR-transparent CaF~2~ windows or onto 1 cm × 1 cm template-stripped gold chips (Platypus Technologies, 0.3 nm rms roughness) and let dry in air. After 10 min, the samples deposited on ultraflat gold surfaces were rinsed with the buffer solution (phosphate buffered saline at pH = 7.8) and subsequently dried for 1 h in an atmosphere with humidity below 10%.

Visible Illumination {#sec2.2}
--------------------

Light to control the BR photocycle was provided by two LEDs (Thorlabs M565L3, center wavelength at 565 nm (green) and M420L3, 420 nm (blue)). The LED output beams were made collinear using lenses and a dichroic filter (Thorlabs - MD480) and then focused on the sample. The power density for both LEDs was ∼50 mW/cm^2^. Sample was light-adapted before all experiments, and therefore, the photocycle starts from homogeneous isomeric dark state (all-trans).

FTIR Spectroscopy {#sec2.3}
-----------------

FTIR measurements were performed in transmission mode with either a Bruker Vertex 70v ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) or a Bruker Vertex 80v ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) equipped with blackbody sources and HgCdTe detectors and in vacuum condition. The transmitted intensity was collected both in dark condition (*T*~dark~) or under visible illumination (*T*~blue~ or *T*~green~) by averaging 512 interferometer scans at 8 cm^--1^ spectral resolution. The *A*~dark~ curve of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b was then calculated as *A*~dark~ = −log(*T*~dark~/*T*~0~) using pristine CaF~2~ as the reference channel (*T*~0~). The Δ*A* curve of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b was calculated as Δ*A* = *A*~green~ -- *A*~blue~ = log(*T*~blue~/*T*~green~), as there is no dependence of the reference *T*~0~ on the visible-light illumination. The *A*(*t*) -- *A*~dark~ spectra of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c were calculated as *A*(*t*) -- *A*~dark~ = log(*T*~dark~/*T*(*t*)) where *T*~dark~ is the transmission spectrum obtained by averaging over the spectra acquired during the first 2 min in dark condition.

Oblique incidence micro-FTIR spectra were obtained using a gas-purged Nicolet Continuum Infrared Microscope with a HgCdTe detector, a 15× Cassegrain reflective objective with spherical aberration compensation (numerical aperture NA = 0.58) and a knife-edge aperture of 100 μm × 100 μm. Reflection of the gold surface covered with the membrane films in dark condition *R*~dark~ was acquired first, then *R*~blue~ and *R*~green~ were acquired. A total of 1024 interferometer scans at 8 cm^--1^ spectral resolution were accumulated for each spectrum. Reflection from the pristine gold surface *R*~0~ was used as reference to calculate the double-transmission spectrum of the membrane film *R*~dark~/*R*~0~ and the absorption *A*~dark~ = −log(*R*~dark~*/R*~0~). The micro-FTIR difference-spectra Δ*A* were calculated as Δ*A* = *A*~green~ -- A~blue~ = log(*R*~blue~/*R*~green~).

AFM-IR Setup {#sec2.4}
------------

AFM-IR measurements were performed using a platform of tip-enhanced IR nanospectroscopy based on the photothermal expansion effect (NanoIR2, Anasys Instruments). AFM-IR measurements were performed by purging with dry air both the optics and the sample compartment for many hours. The *p*-polarized beam from a broadly tunable mid-IR QCL (MIRCATxB, Daylight Solutions, with a spectral range 900--1800 cm^--1^) is tightly focused onto the gold-coated tip of an AFM probe. The IR beam impinges from the side at an angle of 70° to the surface normal, that is, with the electric filed oriented at 20° with surface normal. The laser provided 260 ns long light pulses at a repetition frequency that was chosen as to be in resonance with the second mechanical bending mode of the cantilever at ∼200 kHz (resonantly enhanced infrared nanospectroscopy, REINS^[@ref36]^). The laser power was adjusted using transmission metal-mesh filters in front of the QCL output and it was in the range 5--50 mW depending on frequency range and sample absorption.

AFM-IR Difference-Spectroscopy: Spectral Acquisition Protocol {#sec2.5}
-------------------------------------------------------------

Δ*A* were obtained with AFM-IR by averaging over 70 difference-spectra *A*~green~(*ω*) -- A~blue~(*ω*). The AFM-IR spectra were acquired with 4 cm^--1^ steps, ∼ 0.3 s per step subdivided in integration time and tuning time. The Δ*A* spectra of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} were obtained by stitching the data acquired in different subranges where the laser power was tuned in order to have comparable AFM-IR signal intensity regardless of the absolute value of the sample absorption that depends on electric field orientation. After each 5 green/blue acquisitions, a topography map of the sample area was acquired, in order to place the AFM tip exactly at the same position for all acquisitions.

The AFM-IR Δ*A* could not be acquired in two narrow frequency ranges around 1430 and 1680 cm^--1^ corresponding to the boundaries of the tuning ranges of the individual laser chips in the MIRcat system, in which fluctuations of the laser emission power are highest.

Electromagnetic and Thermal Simulations {#sec2.6}
---------------------------------------

The finite-difference time-domain method (FDTD Solutions, Lumerical Inc., Canada) has been used to simulate a sample consisting of a 10 nm-thick dielectric film (representing the 2NPM) on top of a 100 nm-thick Au layer, on top of 2 μm-thick epoxy layer. The AFM tip was modeled as a smoothed-tip cone with half apical angle of 12° and apex curvature radius of 25 nm, following scanning electron microscope images of the probe. The tip is made of Si with a 25 nm-thick Au coating. The IR beam is modeled as a weakly focused Gaussian beam incident at 70° to the surface normal with peak power density of 8 × 10^6^ W/m^2^. The 10 nm-thick film is assumed to have complex refractive index *n* = 1.7 + 0.45*i*, taken at the frequency of the amide-II band (∼1540 cm^--1^) from the out-of-plane component of the refractive index (i.e., orthogonal to the membrane plane) reported in ref ([@ref63]). Thermal simulations are performed with a commercial heat transport solver (HEAT, Lumerical Inc., Canada) by imposing a fixed temperature (room temperature) boundary condition at both the lower surface of the substrate and the upper surface of the AFM tip. For the 2NPM, we used a thermal conductivity of 0.25 W m^--1^K^--1^ (ref ([@ref64])), a mass density of 1250 kg m^--3^ (calculated assuming a protein mass density of 1400 kg m^--3^ (ref ([@ref65])), a lipid mass density of 800 kg m^--3^ (ref ([@ref66])), a protein:lipid ratio of 75:25), and a heat capacity of 2.4 × 10^3^ J kg^--1^ K^--1^ (ref ([@ref67])). In order to qualitatively mimic the unavoidable presence of a thermal interface resistance between the tip and the membrane, we introduce a thin (0.1 nm) film with a low thermal conductivity of about 0.0025 W m^--1^ K^--1^. The extension of the nanoscale colder spot located below the tip apex (an effect of the thermal reservoir represented by the tip) depends on the poorly characterized properties of such a surface resistance, while the maximum photoinduced temperature increase reached in the membrane changes by less than 20% after the introduction of the surface insulating layer.

IR Data Analysis {#sec2.7}
----------------

A smoothing spline algorithm and a baseline correction have been applied to obtain the final AFM-IR Δ*A* curves reported in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (see [Supporting Infromation](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00512/suppl_file/nl9b00512_si_001.pdf)).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.9b00512](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.9b00512).Native purple-membrane orientation in our samples; effect of dipole selection rules on the difference-spectra; comparison between micro-FTIR data and spectra calculation in the amide-I band frequency interval; model for photocycle branching; smoothing and baseline correction of AFM-IR data; O--H stretching region ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00512/suppl_file/nl9b00512_si_001.pdf))
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